Abstract. There has been a conventionally held nostrum that fission system specific power and energy content is insufficient to provide the requisite high accelerations and velocities to enable interstellar rendezvous missions within a reasonable fraction of a human lifetime. As a consequence, all forms of alternative mechanisms that are not yet, and may never be technologically feasible, have been proposed, including laser light sails, fusion and antimatter propulsion systems. In previous efforts, [ Lenard and Lipinski, 19991 the authors developed an architecture that employs fission power to propel two different concepts: one, an unmanned probe, the other a crewed vehicle to Alpha Centauri within mission times of 47 to 60 years. The first portion of this paper discusses employing a variant of the "Forward Resupply Runway" utilizing fission systems to enable both high accelerations and high final velocities necessary for this type of travel. The authors argue that such an architecture, while expensive, is considerably less expensive and technologically risky than other technologically advanced concepts, and, further, provides the ability to explore near-Earth stellar systems out to distances of 8 light years or so. This enables the ability to establish independent human societies which can later expand the domain of human exploration in roughly eight light-year increments even presuming that no further physics or technology breakthroughs or advances occur. In the second portion of the paper, a technology requirement assessment is performed. The authors argue that reasonable to extensive extensions to known technology could enable this revolutionary capability.
INTERSTELLAR RENDEZVOUS: STATEMENT OF PROBLEM
Many interstellar exploration studies have been conducted under the presumption that fission propulsion is unsuitable for interstellar travel [Frisbee, 19991 . The reasons generally specified are a consequence of the following reasoning: 1. Fission energy production releases about 1 MW-day of energy per gram of fissioned material. This equates to about 0.1% of the mass fraction of fissionable material into energy. The reasoning goes that since E=10e3 mc*, v=d( 10") or about 0.03~ if all we do is accelerate the fission products. 2. Power densities wherein the fission products are directly released are to low for a practical propulsion system. 3. The combination of low power density (implying low acceleration levels) and low energy content, (implying low final velocities) make fission systems unattractive for the interstellar rendezvous mission.
As a direct result, people have gravitated toward concepts with greater perceived energy density such as fusion, -anti matter or concepts that employ beamed energy. There are a number of problems with each of these categories not all of which will be enumerated here. However, it is well known that controlled fusion has been a particularly elusive objective with actual experiments operating well short of ignition and certainly below specific power and total energy values needed for interstellar missions. Terrestrial fusion concepts weigh tens of thousands of tons; it is difficult to ascertain how space concepts will become seriously lower in weight. Yet more advanced concepts such as antimatter may well provide the necessary energy density, however, antimatter propulsion is a very futuristic concept, with exorbitant production costs. For example, present generation efficiencies are approximately 4X 1 O-*/unit energy. Consequently, with electrical power costs of $O.lO/kW-hr, each gram of antimatter costs about $62 trillion. If we make reasonable conversion efficiency assumptions that future generation concepts can increase production efficiencies by three orders of magnitude, the costs are now $62T/kg. Even were it feasible to accelerate a spacecraft at 100% energy transfer efficiency, a 1 OOOT crewed spacecraft CP504, Space Technology and Applications International Forum-2000, edited by M. S. El-Genk 0 2000 American Institute of Physics l-56396-9 19-X/00/$17.00 moving at 0. lc contains -1O** joules. This would presume the launch of 1 OOOkg antimatter, or $62 quadrillion ($62Q) for the fuel alone.
Use of beamed energy has been extensively studied, with a concept produced by Forward and others of a twostage laser lightsail. The lightsail itself is 1000 km in diameter and requires a beam director of 160 km diameter. The laser is a 27 TeraWatt device. Even with billions of dollars invested, present laser powers are stymied at -2 MW beam power. Even given that such a laser could be developed, at present laser costs of $lOO/watt of beam power, such a laser would cost $2.74. The beam director would be similarly expensive, resulting in a rough conservation of cost axiom for futuristic concepts. Additionally, these concepts would have to be space-based, further increasing costs by roughly an order of magnitude.
The shear audacity of the requirements for such futuristic concepts led the authors to investigate a hybrid concept involving fission power driven systems. Numerous authors have studied the necessary power densities for adequate accelerations for modest flight times. The results of such studies are shown in Figure 1 . The authors assumed an architecture that involved the following provisos:
1. High temperature, refuelable fission reactors operating at power levels of -lOO+ GW could be developed. 2. It would be feasible to beam macro-particles of uranium from near-earth space to the accelerating spacecraft to distances of -0.2 LY 3. Power system specific mass values -10e3 could be developed when the total power requirements exceed 100 GW. 4. Highly efficient thermal to electric propulsion jet power conversion systems -0.8 that were light enough for space applications could be developed Based on the above assumptions, the following'architectural approach was adopted:
1. A fully equipped spacecraft with a refuelable reactor is assembled in space. 2. A system of macro-particle accelerators beams U-235 fuel and electric propulsion propellant to the spacecraft with near-zero interception velocity 3. The spacecraft uses the U-235 for power generation and propellant for acceleration fuel 4. The spacecraft accelerates to -0.1 c 5. The Earth-system based accelerators provide the spacecraft with sufficient uranium fuel for the deceleration leg of the journey. 6. After uranium fuel is supplied by the Earth system, the spacecraft is on its own devices.
A graphic rendition of the proposed architecture is shown in Figure 2 .
The physics of this architecture is very favorable to the spacecraft system. Since the uranium fuel and the electric propulsion propellant arrives at the spacecraft at nearly zero velocity, the fuel contains a large quantity of equivalent energy. This energy is equivalent to the energy the spacecraft would have had to provide to it in order to accelerate it to the spacecraft's velocity. When the spacecraft uses that increment of fuel for acceleration purposes, the spacecraft obeys first law acceleration principles. Energy in the Earth-system accelerator/spacecraft frame of reference is conserved, and the spacecraft acts like it is receiving free energy. Because the Earth system has effectively unlimited power capability, the spacecraft is free to select a lower specific impulse for higher acceleration levels. This can be used to substantially reduce the acceleration times for the spacecraft to achieve 0. lc.
After the spacecraft has reached O.lc, it then continues to receive uranium fuel in sufficient quantities to decelerate at the target star system. The deceleration leg presumes that the continuously refuelable reactor will use the supplied fuel, fission products will be extracted and the fission products themselves will be used as the propellant. The following equations may be used to evaluate the architecture.
Spacecraft acceleration leg
The acceleration leg manifests substantial flexibility because the Earth system supplies the bulk of the power (in the form of supplied fuel and propellant) for the accelerating spacecraft. As a result, the specific impulse and power level of the spacecraft can be tailored to meet the mission requirements in the most effective manner. The acceleration leg portion of the journey has some competing demands. For example, the spacecraft can either operate in a mode of constant final acceleration level, stabilizing the final distance at end of acceleration trading spacecraft power and specific impulse for macroparticle accelerator power level at the Earth system. Alternatively, the spacecraft can operate at a high power level and higher specific impulse resulting in reduced demands on the Earth system accelerator.
It must be stated that there is "no free lunch" in any interstellar concept employing known technologies or concepts absent breakthroughs in physics. A 1OOOT spacecraft traveling at 0.1 c contains 5 X lo*' joules of energy. The present generating capacity of the US is about 5 X 1015 watts. The spacecraft has the same energy as the entire generating capacity of the US operating for more than a day. Thus while an interstellar mission is not by any means completely outlandish, there is a substantial societal cost to underwrite. However, we note that once a society commits to this enterprise, presently known technologies can achieve the goal.
The spacecraft acceleration is proportional to its jet power and specific impulse. The lower the specific impulse for a given jet power, the higher the acceleration, however at the cost of larger propellant flow rates at the Earth system and consequentially higher macro accelerator power demands.
Jet power = Reactor power * thermal to electric efficiency * Electric to jet efficiency
For purposes of this discussion we assume thermal to electric is near camot where Th = 30OOK, Tc = 200 K thus, Thermal to electric camot efficiency = 3000-200/3000 = 2800/3000 = .93333.
If we assume a 90% of Camot, the thermal to electric conversion efficiency is .84. If we further assume an advanced electric thruster can be built with an electric to jet efficiency of .95, the overall thermal to jet efficiency is 80%. The following table lists some of the specifics for this concept description. High accelerations are important to reduce pointing accuracy requirements. For example, if the fuel/propellant collector at the spacecraft is 1OOkm in diameter, then the macro particle accelerator pointing accuracy requirements range between 0.07 and 0.2 nano radians. While these are very precise pointing accuracies, they are within about a factor of twenty of those required by the Space Based Laser as envisioned for missile defense. It is reasonable to expect that more precise pointing will be available for such a mission. As may be noted, the acceleration times under these conditions range from about '/2 of a year to about a year. This is an acceptably short time frame and it provides for minimal trip times. Also to be noted are the relatively short acceleration distances, ranging from 0.02 to 0.07 LY. As mentioned above, this reduces pointing accuracy requirement for the beamed fuel and propellant. The peak power required for the accelerator system is very large, between 120 and 535 Terawatts. This power must be supplied from some source if the spacecraft is to accelerate rapidly to interstellar velocities. It is likely more easily accomplished from the Earth system than attempting to build such a capability into the spacecraft itself.
Pre-Coast, Coast and Deceleration Legs
Immediately after the acceleration leg is completed, the macro particle accelerator continues to supply the spacecraft with uranium fuel. This fuel is used for the deceleration leg into the target star system. A substantively different arrangement must be made for the deceleration leg, since supplying propellant from Earth is practicably impossible. Thus, the spacecraft must decelerate using only on-board power and fuel. To minimize mass it can do this by extracting fission products from the fissioned fuel and using the fission products for electric propulsion propellant.
The amount of uranium propellant is very closely coupled to the spacecraft overall efficiency of converting uranium energy into jet power and thrust. To determine the amount of propellant required, we must determine the minimum specific impulse associated with spacecraft parameters. To do this we determine the energy available to the uranium fission fragments based on thermal energy available from uranium and the conversion efficiency from thermal to jet power. Thus, the lower the end-to-end system efficiency, the lower the feasible specific impulse, and consequently, the more mass required to decelerate the vehicle.
8.64 X 1013 = approximate fission energy available per kg-U conversion efficiency thermal to jet (given) 0.8 0.8 * 8.64 X1013 = 6.912 X 1013 joules
The above is the energy per unit mass of fission products available for deceleration. From this we find the exhaust stream velocity:
V,, = d(2*6.912 X10") = 1.176 X lo7 m/s, or I,,=1.176X106s
In order to decelerate, the power supply will have to operate at considerably higher power than for acceleration in order to decelerate rapidly at the star system, or we can operate at the identical reactor power and take longer to decelerate. Selecting 1000 GWth as the desired power level for deceleration. The propellant flow rate can be determine be dividing the energy per unit mass by the power available, 800 GWjet = (1000 GWth times the system end-to-end efficiency of 0 8) .
Mass flow rate = 8.0 XlO'*/( % * VexA2) = 3.2 X 10"/(1.176 X 107)2 = 1.16 X 10m2 kg/s = Mdot, or the mass flow rate consistent with the power system providing precisely the power and energy necessary to accelerate the uranium fissioned and used as propellant.
From the rocket equation, we can determine the total propellant required to decelerate from 0.1 c Mtotal = Mspacecraft * exp(O.lc/Vex) = 12700 T -1OOOT = 11700T uranium Dividing the above by the mass flow rate generates the total deceleration time:
Time = 11700T/1.16 X 10e2 kg/s = 2.4 X lo9 s = 31.9 years
The above allows us to determine the pre-coast fueling portion of the trip. 1.270 X lo7 set to provide the deceleration uranium.
If we launch 1 kg/s of uranium, it will require The power required at the Earth system is reduced to approximately 45 Terawatts for an additional 147 days. The spacecraft is now on its own and free from support from the Earth system.
Total Trip Time
To determine the total trip time, we must determine the total distance to the next star system, 4.2 LY. The distance covered in the acceleration phase and time required is: Distance = 0.0024 LY Time = 0.048 years
To find the cost time we must determine the average velocity, distance and time covered during deceleration. Since we use the rocket equation for deceleration, we must find the average velocity during deceleration. This is found by multiplying the initial velocity by In 2 = 0.693, resulting in the average speed during deceleration of 2.08 X 107 m/s. This results in a deceleration distance of Dist = 2.08 X lo7 m/s * 1 .OO X lo9 s = 2.08 LY Thus, the total coast distance is 4.100 -2.08 = -2.00 LY, which at 0.1 c requires 20 years. Therefore, the total trip time 1s 20 + 0.048 + 32 = 52 years Significantly, we find that a trip to a star system 8.2 light years distant would require only an additional forty years. Given advances in gerentology, we should expect life spans at the time of these missions to be over 120 years. Under these conditions, we should expect that crewed exploration missions to star systems within an 8 light year radius of the Earth could be feasible by the middle of the next century.
INTERSTELLAR RENDEZVOUS SYSTEM TECNOLOGY ASSESSMENT
Travel to another star system is an exceedingly difficult task. Implementation approaches are frequently awkward and refractory. Technology solutions result in anfractuous aggregates with exceptional demands. For example, neither fission nor fusion reactions contain sufficient energy to easily carry all the necessary fuel for a spacecraft to accelerate to and decelerate from 0. lc, considered by many to be the minimum practical velocity. Consequently, some form of beamed matter, or interaction with the available matter in free space is necessary to close the energy balance. This has resulted in the advocacy of what appear to be completely impractical concepts employing beamed energy to interact with light sails or microwave sails, wherein the power levels, transmitter optics or antennae and sails appear to be well into the next century if ever feasible from an engineering standpoint. Further, at present costs, these concepts have no practical solution from a fiscal point of view.
Finally, and perhaps most fundamental, is the fact that accelerating to 0.1 c appears to be relatively practical among a number of alternatives. The major problem is decelerating and stopping at the desired destination. This is particularly the case with complete beamed energy approaches. Fission and fusion appear to require some external source of supply unless long acceleration times are postulated. Either energy source has sufficient energy to decelerate at the destination provided the spacecraft does not have to carry both the acceleration and deceleration fuel with it. At present, it appears that only antimatter has the ability to provide a source of energy for both acceleration and deceleration.
The exceptional difficulty of the requirements for such futuristic concepts led the authors to investigate a hybrid concept involving fission power driven systems. Numerous authors have studied the necessary power densities for adequate accelerations for modest flight times. In another paper, the authors developed an architecture that involved the following provisos:
The issue addressed in this paper is one that assesses available or potentially available technologies to achieve such mission parameters. We divide this assessment into three areas: Power subsystem, Propulsion Subsystem, Microparticle accelerator and Catcher subsystem.
Power Subsystem
The architecture proposed by the authors employed a spacecraft generating 200 GW electric weighing 800 T. This power system provided all power to the spacecraft for acceleration and deceleration as well as housekeeping functions for the trip. The housekeeping functions consume comparatively little power. The crewed portion of the spacecraft weighs 200 T which was judged to be adequate to house a crew of >30for the trip based on extensions of Moon and Mars exploration studies involving inflatable habitations. All life support functions are considered to be closed including food production. Based on former studies, this requires about 11 kWe per individual; an additional 4 kW for work would bring the total housekeeping to about 15 kWe per person or about 0.5 MWe for the entire crew. This is a trivial amount compared to the propulsion requirements.
Refuelable Reactor Component
The above shows that the power system specific mass is 8 X lo5 kg/8 X 10' kWe = 1 X 10m3 kg/kWe, or 1000 kWe/kg. If we divide the power system into roughly two parts: 1. The refuelable reactor, and 2. The power' conversion and thermal management system, and we allocate roughly % of the mass for the reactor plus shield and % for the conversion system, we require a reactor that produces, on a continuous basis, 2000 kWe/kg. Since we noted in our other work that the high temperature reactor operates at a 93% thermal to electric efficiency, the reactor must operate at 3OOOK and it must produce -2100 kWth/kg. As a point of comparison, in general terms, we note that the SNAP-l OA reactor as a thermal power plant generated about 40 kWth and weighed about 160 kg for that system. Consequently, its power system specific power was .25 kWth/kg. This system was designed to run for one year or about 3 X lo7 seconds. Based on bum up data it could have easily run for several years at that power level, so a conservative estimate would be for roughly 10' seconds of operation at .25 kWth/kg. We also note that the SNAP systems were uncharacteristically conservative in power density. The SNAP 10-A operated at roughly 6 watts/cc, well below pressurized water reactors, and well below the demonstrated 500 watts/cc of the FFTF. If we assume that this kind of liquid metal device (the FFTF) could be extrapolated to space operations, we would have a final power density of roughly 25 kWth/kg. While this is a dramatic step, we are still about two orders of magnitude low. On the other end of the chart, we have Nuclear Thermal Rocket systems. These devices operate typically at high power densities, but for short periods of time. The NERVA program demonstrated 2-3 MW/l power densities, or about 600 kWth/kg. The SNTP program, although never completed, did some preliminary fuel element testing, and based on completed tests, one could extrapolate power densities of -60 MW/l or about 2000 kWth/kg. As a point of comparison, we note some historic technology comparisons as shown in Figure 3 , below. As is clearly denoted above, aspects of the requirements have been demonstrated in either deployed space systems (SNAP-lOA), or ground demonstration programs (NERVA and SNTP). Of course, the requirement not shown is to incorporate continuous refueling into a reactor concept that employs the power density of a nuclear thermal rocket with the lifetime of a lower power density space power reactor while also being remelable. While this technology has never been demonstrated, it appears that it could be achieved.
Power Conversion Subsystem
This portion of the system is comprised of (as a reference only) a high temperature brayton cycle system of high efficiency. It may be that a multiple phase system, such as brayton to rankine to another rankine system to maximize efficiency may be necessary to achieve the required thermal to electric efficiency. However, if the brayton portion can achieve the required power densities, then since rankine systems are of higher theoretical power density, the cascaded systems should also be able to achieve the necessary specific power. Enormous progress has typified the turbine industry, particularly in the areas of increased temperature, efficiency and reliability. As a guide, we require our turbomachinery to operate at the specific mass level of 10 kg/kw shaft power. This is unprecedented when compared to typical turbine components. There are several cases that can be documented, unfortunately few actual systems of a relevant power level have been built and tested. Some of these systems have been identified on the chart below for reference and comparison. Some of the systems are needlessly lower in specific power because there is a potentially misguided notion that the rotating machinery represents the lowest reliability factor of any of the power system components simply because it comprises moving parts. While this may possibly be true in concept, it has not necessarily proved true in practice. Reviewing the chart below shows some historic cases in point. A similar problem exists for the conversion of mechanical energy to electrical energy for the interstellar rendezvous mission. Again exceptionally low specific mass values -1 OD3 kg/kWe are necessary. There has been considerable progress recently in permanent magnet alternators. In recent conversations with Ashman Technologies [Bhargava, 19991 in Santa Barbara California, very high power density units are presently being built for other applications. Many of these units are coupled with very high rotational speed rankine cycle turbine units. Typical operating speeds for some of these devices are approximately 90,000 r-pm. These units produce alternating current at very high frequencies. Although alternating current is not viable for direct coupling to the ion propulsion system, at such high frequencies, rectification losses and masses are very low. As with brayton cycle turbines, scaling to higher power levels is very favorable, although with the existing developments have a small data base established. Based on the research by Ashman technologies, the scaling is expected to be less than linear, possibly close to the square root of power. This would imply a projection as shown in the chart in Figure 5 , below. The alternator, not in a redundant configuration, would not achieve the specific power objectives without some modifications. In terms of reducing the weight yet further, the replacement of the permanent magnets and the conventional alternator windings with high temperature superconductors appears to be a good option. The superconductin g rotor winding should be able to generate a field approximately 2-3 the flux of the permanent magnets, reducing alternator size and weight. In fact, the mass should be reduced by about of 4-9 excluding structure mass changes that would likely be less profound. Therefore, it appears feasible to meet the specific power objectives of the generation system. The ability to reach an alternator efficiency of 99.95% (an ambitious goal for a superconducting alternator) is extremely important at these power levels. The requirement to radiate several 100 MW of thermal power is difficult when attempting to minimize mass. Wiring weight is also a primary consideration at these power levels. Typical power plant generators operate at 24.5 kV [Lenard, 19991 . Unless the transmission distances are very short, or unless superconducting leads are employed, wire weight will be exceptionally heavy. For this reason, we baseline superconducting leads with a power density of 10,000 amp/cm2. This will still result in leads over 30 cm in diameter that must be twisted in order to minimize magnetic field effects. The current carried by this conductor is ten million amperes, an unprecedented current carrying capacity for any conductor on a continuous basis.
Power conversion for space nuclear power systems have characteristically been of low efficiency, driven by the nostrum that since the radiator is a high mass entity, its size must be reduced, thus it must operate at high temperature in order to reduce physical size and mass. We have defied this approach by employing two important modifications. First we operate the system at very high -93% thermal to electric efficiency. This reduces the amount of power that needs to be radiated substantially. Second we envision the use of liquid droplet radiators which use a droplet sheet to radiate power. The droplet sheet requires that it maintain only optical thickness, which at the radiating temperature should be no more than about 30 microns thick. If we employ an organic high vapor pressure sheet, density of 0.8 gm/cm', a radiator of this type will have a lower mass limit of 2.4 X 10B2 gm/m2 radiator area, for a two-sided radiator, 1.2 X10D2 gm/m2 radiating area as an extreme lower limit. If the radiator radiates at 200K, the upper limit of radiated power is 81 W/m2 presuming an emissivity of 0.9. In order to radiate the waste heat, 7% * 2X10" = 1.4 X10" W. Since the radiator radiates at so low power density, a very large radiator is necessary. The total radiating area required is 8.4 X lo7 m2, consequently, the radiator is a flat plat roughly 9 km on a side. However, due to the extremely large entrained mass of coolant in a conventionally manifolded flat radiator, we envision a sphere, -2.5 km radius surrounding the spacecraft with a magnetic collector. The total entrained mass is roughly 50 times the radiating mass, or about 50-100 tons. A superconducting magnetic collector should weigh about 10 tons and eliminate the need for all but the most rudimentary manifolds. The radiator system would have a mass flow rate of approximately 2 X lo6 kg/s providing a suitable fluid with a heat capacity of .4 cal/gm-degree could be developed.
Electric Propulsion subsystem
The electric propulsion subsystem will certainly prove to be problematic since it must operate in a highly efficient way for very long times at high power densities. There are several propulsion technologies that can possibly be employed, however, no single concept appears to embody all the essential features. For example, if we allocate approximately 300 T to the electric propulsion system , (assuming that power for the electric propulsion system can be directly generated without large power conditioning systems), we require a propulsion system specific power of about 333 kWe/kg. The Magneto Plasma Dynamic thruster has a very high power density, -tens of Kw/kg, however it is not particularly efficient, and has lifetime issues. The ion engine and two-stage Hall thrusters are efficient -7O+%, but are of low (ion -0.5 -1 .O kW/kg) to moderate (Hall, 5-10 kW/kg in larger sizes) power densities. Both possess some lifetime issues although these are being addressed through continuing technology programs. In short, major advances in power density, improvements of a factor of 50-l 50 are necessary over what has been demonstrated.
Ion engines have demonstrated lifetimes exceeding three years in vacuum chamber, however, lifetimes of 20 years at high power density and high specific impulse have not been even contemplated as yet. What is known is that propellants will have to be changed from Xenon to some other lighter propellant in order to gain optimal efficiency and minimize accelerator grid voltage. There has been no work accomplished on a high efficiency, fission-product ion engine that would have to be used for the deceleration leg.
It may be that a new form of electric propulsion engine will have to be designed, fabricated and tested to meet these requirements if none of the available candidates can meet the diverse requirements. As a consequence of these major requirements, the electric propulsion area is ranked as very high risk and should receive substantial effort if interstellar travel using this conceptual approach is to be contemplated.
Fuel and Propellant Receiver
This arch itecture requ ires that fuel (uranium) and propellant for the acceleration portion of the journey (Xenon, Argon or Lithium, for example ) be accelerated bY a Earth system based accelerator and be collected by a large -100 km diameter particle collector. The technology for this type of capability should be well-developed by the solar and light sail community. However, care will have to be exercised in velocity control since the light sail cannot withstand large velocity differences.
An alternative architecture could be a variant of the magnetic liquid droplet radiator collector that uses a large magnetic field to collector radiator droplets. Such a collector could possibly be used for the propellant and fuel collection system, although magnetic field strengths must be large and possess a large volume. It is not clear if thrust impingement will result in a problem with incoming fuel and propellant, these issues need to be studied and addressed.
Fuel and Propellant Accelerator
The fuel/propellant accelerator is the highest power consumer in this system. The accelerator must accelerate a cluster of -1 O6 -1012 atoms of uranium to velocities of 0.1 c. For uranium, (the heaviest material accelerated), the particle energies are enormous, -4X10'" eV -4X1 02' eV. The former figure is at the limit of extant accelerators, and the latter figure is completely beyond realistic development at this time. The beam current multiplied by the particle voltage yields the beam power. The Accelerator Production of Tritium program envisioned a 400 MW beam current device. Since the ultimate beam power as mentioned above is -30 TW, this is about five orders of magnitude greater in total beam power than anything contemplated today.
In our original rendition of this concept, we postulated longer acceleration times, in fact, we presumed that micro particles would have to travel at least two light years, possibly four light years. This resulted in not only extreme pointing requirements, but also in undefined effects due to the interaction of the galactic magnetic field with inevitable charge exchange processes that were difficult to predict. The consequence of these unknowns was to require larger accumulations of atoms in the cluster, resulting in very high single-cluster energies as shown above.
Reducing the number of particles from lo6 to 1 O4 would reduce the beam voltage to more reasonable levels, -10" eV. The integrated beam power will not change, however, multiple accelerators can be used to meet the total beam current requirements. Unlike lasers, the coherence of this beam is a result of the clusters themselves and does not require large apertures. It is possible that several hundred high power accelerators could be employed in lieu of a single large accelerator. This would introduce needed redundancy into the system as well.
The accelerator is a prodigious undertaking. There does not appear to be a show-stopper in this technology area, although it will be an extremely difficult and expensive development task. It is likely that this will be the most expensive part of the mission, however, it is also likely that these assets can be used for other missions, so the investment can be amortized over multiple missions. At present prices, and introducing quantities of scale, one could roughly calculate the cost of this portion of the technology.
Cost of APT accelerator -$lB * 100000 (number of APT accelerator equivalents) * LCF 0.8 1 = -$I 1 Trillion, or roughly $0.40 per watt of beam power While this is not a trivial investment, it is inexpensive compared to any of the more technically advanced, yet highly speculative options. Similar to the laser for the laser powered lightsail option, the system could, in principal, be used for a variety of different trips to different star systems for a single up-front investment. However, the cost is about three orders of magnitude less than the costs for the laser and beam director. However, unlike the laser-drivenlightsail option, the accelerator is in use for only a few months, as opposed to years for the laser system. This could mean that the fission based concept could send a crewed mission to a star system every few years if required.
SUMMARY AND CONCLUSIONS
We have constructed an architecture that allows trips at 0. lc to rendezvous with nearby star systems. It should be noted that the first trips will be one-way, and unless there is some breakthrough in communications technology occurs, it is likely that a completely new society will result once the trip has reached its destination simply due to the time delay and enormous power demands for communications over interstellar distances.
The technology base for these missions is mid-to far-term, available within the next ten to twenty-five years for mission employment given fundin g and programmatic commitment. We have determined that fission electric propulsion is a very promising concept for these missions requiring no breakthrough in physics and no major engineering advance in either fusion or antimatter. As a matter of analytical review, we see no advantage for fusion systems since while they enjoy an energy advantage of at most a factor of ten in mass; this is insufficient to alleviate the need for some form of logistics supply from Earth during the acceleration portion of the journey in order to provide energy for the dece Fission systems maintain a density, (alpha) is a critical their near term availability eration leg of the journey.
distinct advantage in power density over known non-explosive fusion systems. Power parameter for these missions and must be minimized at almost all costs. Coupled with and known development risks, we find substantial advantages to the fission powered electric propulsion systems to nearby star systems with exploration and settlement crews.
